Conjugated polymer semiconductors offer unique advantages over conventional semiconductors but tend to suffer from electro-optic performance roll-off, mainly due to reduced photofastness. Here, we demonstrate that the commodity nickel chelate nickel(II) dibutyldithiocarbamate, Ni(dtc) 2 , effectively inhibits photooxidation across a wide range of prototypical p-conjugated polymer semiconductors and blends. The addition of 2-10 wt% of Ni(dtc) 2 increases the resilience of otherwise quickly photobleaching semiconducting thin films, even in the presence of detrimental, radical forming processing additives. Using electron spin resonance spectroscopy and sensitive oxygen probes, we found that Ni(dtc) 2 acts as a broadband stabilizer that inhibits both the formation of reactive radicals and singlet oxygen. The mechanism of stabilization is of sacrificial nature, but contains non-sacrificial contributions in polymers where singlet oxygen is a key driver of photooxidation. Ultrafast pump-probe spectroscopy reveals quenching of triplet excited states as the central mechanism of non-sacrificial stabilization. When introduced into the active layer of organic photovoltaic devices, Ni(dtc) 2 retards the short circuit current loss in air without affecting the sensitive morphology of bulk heterojunctions and without major sacrifices in semiconductor properties. Antioxidants based on nickel complexes thus constitute functional stabilizers for elucidating degradation mechanisms in organic semiconductors and represent a cost-effective route toward organic electronic appliances with extended longevity.
Introduction
Organic semiconductors have been envisioned for many disruptive technologies but have a tendency to undergo deterioration of functional properties in the presence of light and oxygen. [1] [2] [3] [4] [5] This translates into the need for careful encapsulation strategies, compromising both applicability and cost benefits. 6 Conceptually new strategies are necessary to suppress degradation reactions.
In the plastic and rubber industry, stabilizing additives are an integral part of the final formulation. 7, 8 These antioxidants are designed to induce termination steps for autoxidation by implementing tailored scavengers of radicals and other reactive oxygen species (Fig. 1) . Antioxidants thus represent an exciting opportunity for enhancing the life span of organic electronics but remain largely unexplored in the case of organic semiconducting polymers. Previously, Turkovic et al. observed polymer-selective stabilizing effects of antioxidants in blends of the model system P3HT:PCBM. [9] [10] [11] P3HT, however, can be considered an unusual exception, given that in the presence of the radical scavenging fullerene PCBM, it is rather inert towards reactive oxygen species. 12 This is in contrast to many other structurally more complex, high performance polymers, whose aging kinetics has been closely linked to the presence of reactive oxygen species. [13] [14] [15] In some cases, PCBM has even been found to accelerate polymer degradation, which has been ascribed to enhanced singlet oxygen ( 1 O 2 ) formation via polymer triplet states produced by radical pair recombination. 12, 16 Here, we present nickel(II) dibutyldithiocarbamate, Ni(dtc) 2 , as a universal and inexpensive (o$1 per g) antioxidant for increasing the longevity of conjugated polymers, some of which are known to be highly unstable in the presence of light, air, processing additives and/or fullerenes. The stabilizing effect of nickel complexes, especially of those of planar geometry, where efficient overlap with Ni d-orbitals is possible, has been shown to be due to triplet quenching by electron exchange energy transfer from the triplet levels of conventional polymers or contaminants to the intraligand, ligand field or charge transfer states of the complex, depending on the energy level of the donor triplet. 17, 18 Conversely, the propensity of Ni complexes to quench 1 O 2 is thought to be associated with electron exchange energy transfer from 1 O 2 to low lying ligand field triplet states,
CT complex formation or a combination of both. 19 These two mechanisms do not involve degradation of the antioxidant. 20 However, nickel complexes may also act as radical scavengers and hydroperoxide decomposers through oxidative reaction of the ligands, i.e., as a sacrificial stabilizer. 21 These combined properties make Ni(dtc) 2 a potentially versatile UV/Vis stabilizer. In fact, when Ni(dtc) 2 is mixed with semiconducting polymers and fullerene blends of high scientific and technological relevance, photo-bleaching of those materials can be largely delayed. We establish a figure of merit for the stabilization of these polymers, which reveals that the stabilization mechanism is purely sacrificial (antioxidant is consumed) in the case of P3HT but carries a non-sacrificial (non-consumptive or catalytic) component, i.e., the antioxidant remains intact, in other polymers. Monitoring of polymer triplet yields by spectroscopic means reveals that Ni(dtc) 2 is an effective quencher of triplet states, explaining the catalytic stabilization action of Ni(dtc) 2 . We further present limited interference of the antioxidant with respect to the morphology of the active layer and the functionality of full devices. Our results suggest that stabilizing additives could represent a universal route for stabilizing organic electronic devices, thus alleviating the technical requirements and cost of barrier materials.
Results and discussion

Stabilization activity of commodity antioxidants in conjugated polymers
We investigated a range of commercially available stabilizing additives (A1-A6, Fig. 1 ) with broad functionality when mixed with a representative selection of prototypical p-conjugated polymers. The stabilizing mechanisms of these additives are rather well established in combination with saturated polymers and other organic molecules, forming effective hydrogen donors (A1 and A2), 25 electron donors (A3) 26 and metal chelating agents (A4), 27 29 This versatility served as motivation to elucidate whether these stabilizers could be employed to suppress photo-oxidative aging of organic polymer semiconductors in thin films (B100 nm) relevant for organic electronic devices. To this end, we measured the effect of the antioxidants A1-A6 on the stability of the polymers PBDTTTzTzT (P1), P3HT (P2), PCPDTBT (P3), SiPCPDTBT (P4), PTB7 (P5), PTB7-Th (P6) and MDMO-PPV (P7) against photo-bleaching in air by tracking the UV-Vis absorption using a metal halide lamp as an irradiation source ( Fig. 2 and Fig. S2 -S15, ESI †). Fig. 2a shows a global comparison of the photo-oxidation kinetics of continuously irradiated films of PBDTTTzTzT blended with the additives A1-A6. The additives A2-A4 exhibit only very minor impact on the photo-aging behavior across all polymers studied here. The hindered amine A1 even accelerates degradation, which is not uncommon because additives may decompose and thus promote and/or catalyze unwanted chemical reactions. The nickel chelates A5 and A6, however, demonstrate increased propensity for inhibiting photo-oxidation when combined with the conjugated polymers P1-P7. The stabilizing effect is particularly pronounced in the case of nickel(II) dibutyldithiocarbamate (A5, hereafter referred to as Ni(dtc) 2 ). We thus focused our study on Ni(dtc) 2 .
Properties and activity of Nickel(II) dibutyldithiocarbamate
Ni(dtc) 2 is a quadratic planar diamagnetic Ni(II) chelate with typical p-p* ligand (290 nm) and charge transfer (metal-to-ligand) transitions in the UV region at 328 and 390 nm, respectively, and d-d ligand field transitions at B480 nm and 630 nm (Fig. 1) . The Ni(dtc) 2 complex is well soluble in non-polar media and shows a low oxidation potential (E ox = À74 mV vs. Fc/Fc + , Fig. 1 ), i.e., it is a strong electron donor. This could be one of the reasons for the antioxidizing activity of this nickel chelate because deactivation mechanisms are often linked to electron transfer reactions, particularly with respect to scavenging of the superoxide anion and reactive 1 O 2 .
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The delayed photo-oxidation kinetics (Fig. 2c) derived from the reaction spectra (Fig. 2b) demonstrates the stabilization action of Ni(dtc) 2 in the case of films of the unstable polymer MDMO-PPV. After only 12 min, a plain MDMO-PPV film photobleaches by about 70%, while under the same conditions films containing 10 and 20 wt% of Ni(dtc) 2 photo-bleach to a much lesser extent (9% and 4%, respectively). Fig. 2d shows the photo-oxidation kinetics of films of PBDTTTzTzT, PTB7, P3HT and PCPDTBT and of the corresponding blends with Ni(dtc) 2 , revealing its general applicability in protecting p-conjugated polymers against early photo-bleaching in air. The effect of Ni(dtc) 2 is especially striking in the case of the well-known polymer PTB7. Notably, in the first 4 h, 10 wt% of Ni(dtc) 2 Fig. 1 Photo-oxidation and stabilization of p-conjugated polymers. (a) Autoxidation cycle of polymers and points of attack of stabilizing additives (RH: pristine polymer; R*: carbon centered radical formed by H-abstraction; ROS: reactive oxygen species). Under light irradiation, free polymer radicals are formed, often as a result of photosensitization in the presence of metal catalysts and other residues.
22 R* will quickly react with ground state molecular oxygen, 3 O 2 , forming chain-initiating, oxygen-centered radicals, which further react to form hydroperoxides by hydrogen abstraction and thus open a second cycle. 23 Hydroperoxides may also be formed from 1 O 2 through the reaction with double bonds in a so-called ene-reaction. Antioxidants can be designed to induce termination steps for autoxidation, forming stable radicals that suppress the autoxidation cycle. 23 Graphic adapted from Heller 
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inhibits almost fully the photo-oxidation of a thin film (change of o5% optical density, OD), while during the same exposure the transmission of a film of plain PTB7 almost doubles (change of 33% in OD), consistent with previous reports. 30 We emphasize that even the photoluminescence (PL) lifetime of PTB7 is not noticeably reduced in the first 30 min of irradiation in air (Fig. 2e ) in the presence of Ni(dtc) 2 , although PL is usually a much more sensitive probe of degradation than UV/Vis absorption. 31 This is important because many applications involving organic semiconductors are founded upon the formation of excited electronic states.
Nickel(II) dibutyldithiocarbamate inhibits radical formation
In order to elucidate the underlying stabilization mechanisms of p-conjugated polymers through Ni(dtc) 2 , we performed a series of experiments, in which the Ni complex was mixed with different polymers, including the benchmark polymer P3HT, and their blends with fullerene derivatives. The reaction spectrum of P3HT:Ni(dtc) 2 reveals the spectral signatures of both P3HT and the nickel complex (Fig. 3a) . It is apparent that the absorption band of Ni(dtc) 2 at 329 nm is bleached along with the bleaching of the P3HT absorption band (the same can be deduced for the polymers PTB7 and PTB7-Th, cf. Fig. S17 , ESI †). Furthermore, Fig. 3b shows the temporal evolution of the stabilization factor, which is defined as the ratio of the slopes of the UV/Vis absorption kinetics without and with additive. The stabilizing effect vanishes after B5 h in the case of P3HT. In films of PCPDTBT, PDBTTzTzT and PTB7 the antioxidant prevails between 2-8 h, suggesting variations of the stabilization mechanism depending on the type of polymer (Fig. 3b) . The origin of the slightly accelerated photo-oxidation after the disappearance of the Ni complex in the case of P3HT and PTB7 (stabilization factor o1) is not clear. 
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The assumption that Ni(dtc) 2 itself may form reactive side products in the course of its decomposition emerges from signature features in the electron spin resonance (ESR) measurements ( Fig. 3e ) and previous observations in similar metal chelates. 32 Significantly, the photobleaching kinetics of Ni(dtc) 2 when mixed with P3HT and PTB7 correlates well with the calculated temporal decay of the stabilization factor ( Fig. 3b and c) . This underscores the protective role of Ni(dtc) 2 in reducing the photobleaching kinetics of semiconducting polymers. Conversely, it suggests that a sacrificial mechanism may take on an important role in the protective action of Ni(dtc) 2 .
As a means to quantify the extent of sacrificial stabilization, we define a figure of merit (FOM), which relates the number of double bonds in the backbone of the polymer saved in the presence of Ni(dtc) 2 , per unit of Ni(dtc) 2 destroyed (Fig. 3d , see the ESI † for derivation). The larger the FOM, the more polymer is ''saved'' from oxidation by the same amount of additive. A FOM of this nature represents a stabilization metric for antioxidants in conjugated polymers and serves to distinguish between sacrificial and non-sacrificial protective mechanisms. The rationale behind this FOM is that for interruption of the autoxidation cycle, the FOM should be larger than unity, while in the ideal case of a fully quenching based mechanism the FOM should approach infinity. We note that for some polymers it was not possible to observe the decomposition of Ni(dtc) 2 due to an overlap of the absorption spectra, making the evaluation of FOM unfeasible. In the case of P3HT, the FOM amounts to approximately unity, which indicates that the double bonds of P3HT and the Ni complex directly compete for the reactive species and that the sacrificial mechanism prevails. In the case of the polymers PTB7 and PTB7-Th, the FOM was found to be significantly larger. We associate this enhanced stabilization with the occurrence of an additional, non-consumptive, quenching-based stabilization process, as discussed further below.
In P3HT, the protective effect of Ni(dtc) 2 can neither be based on triplet quenching nor on There is general agreement in the literature that a radical chain mechanism is responsible for the photo-oxidation of P3HT and that hydroperoxides play a significant role. 31, 34 Additionally, Ni(dtc) 2 in its ground state does not react with 3 O 2 at a significant rate and other strong antioxidants studied in this work showed mostly negligible or even negative stabilization effects (Table S1 , ESI †). We thus conclude that hydroperoxide decomposition and/or radical scavenging are the most probable stabilization mechanisms of Ni(dtc) 2 in P3HT, which is in accordance with the sacrificial behavior described above.
With the goal of supporting the interpretation that the effect of Ni(dtc) 2 in P3HT films is mainly due to its interference in 
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Paper radical chain mechanisms of photooxidation, we tracked the evolution of long-lived radical signature signals using ESR on irradiated P3HT in air. 35 These signals can be considered as a signature of the progress of the reaction, rather than of species participating in the reaction chain itself. Fig. 3e compares the temporal evolution of the X-band ESR signal for P3HT and P3HT:PCBM blends in the absence/presence of Ni(dtc) 2 . For P3HT, the emerging bands resemble in shape and position (337.2 mT, g-value of 2.0019) the reported ESR characteristics of spin-sensitive P3HT radical cations. 36, 37 In addition, we observe a continuous shift to larger g-factors with increasing photooxidation, which we associate with the appearance of oxidized paramagnetic P3HT species and fragments. It is conceivable that the ESR signal evolves predominantly due to the formation of polymer radical cations upon electron transfer from photoexcited P3HT to reactive short-lived radicals and oxygen-centered species. 38 Importantly, both Ni(dtc) 2 and PCBM inhibit the formation of spin-carrying species in P3HT, in agreement with the corresponding UV-Vis photooxidation kinetics ( Fig. S9 and S10, ESI †). PCBM thus breaks the radical chain in P3HT very effectively on its own, likely due to fast scavenging of oxygen centered radicals. 39 A similarly pronounced suppression of radical formation is also found in the case of the polymer PCPDTBT (Fig. S18 , ESI †).
Nickel(II) dibutyldithiocarbamate suppresses singlet oxygen formation in polymers and fullerene blends
Recently, it has been established that the stabilization of conjugated polymers via fullerene is not of a general nature and that the degradation in air can, in fact, be accelerated in the presence of fullerenes. 12, 16 Fig. 4 shows the temporal evolution of the optical density of films processed from the plain polymers PCPDTBT, PTB7 and PTB7-Th and its blends with PC60BM and PC70BM. For all these polymers, the photooxidation kinetics is considerably enhanced in the presence of PCBM, particularly in early stages, which is in line with earlier reports. 12, 16, 40 This observation is crucial because polymerfullerene blends based on chemical building blocks used in PCPDTBT, PTB7, and PTB7-Th are among the most efficient polymer photodiodes, which could be degraded swiftly in the presence of minute amounts of oxygen. Crucially, when 4 wt% of Ni(dtc) 2 is added to the blends, the photooxidation as measured by the loss in OD is reduced by a factor of 3.1, 2.6 and 2 in the case of PTB7-Th, PTB7 and PCPDTBT, respectively. We emphasize that the protective action of Ni(dtc) 2 extends to the fullerene phase as well, as revealed by the change in absorption around the characteristic PC70BM band at 475 nm ( Fig. 4a) and by measurements on plain fullerene films (Fig. S16 , ESI †). The latter, together with ESR measurements on PCBM (Fig. S19, ESI †) , attests the ability of Ni(dtc) 2 to advantageously interfere with radical mediated photo-oxidation reactions.
The suppression of photobleaching of the polymer and fullerene phases in unstable polymer-fullerene blends not only confirms the antioxidative power of Ni(dtc) 2 but also provides insight into the non-sacrificial mechanism of stabilization by Ni(dtc) 2 Fig. 5a-d and Fig. S20-S25 , ESI †). 16, 33, 41 A comparison of the temporal evolution of 1 O 2 formation -as indicated by the increase of the SOSG photoluminescence signal -and the photobleaching kinetics in PTB7-Th (Fig. 5a-c) and PTB7 ( Fig. S22 and S24 , ESI †) neat polymer and polymer-fullerene blend films confirms a critical link between 1 O 2 formation and photooxidation instability, i.e., the rate of evolution of 1 O 2 formation follows the same trend as the rate of photobleaching in the same films. We also confirmed the existence of 1 O 2 via pulsed laser spectroscopy (Fig. S26, ESI †) . 
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by the polymer triplet population (type II photooxygenation). The latter is mediated by charge recombination in the presence of fullerene. 16 Upon the addition of Ni(dtc) 2 to films of neat polymer and polymer:fullerene blends and in the presence of a UV filter (direct radical formation mostly suppressed), the rates of both photobleaching and concomitant 1 O 2 formation are substantially reduced (up to a factor of 20 in PTB7-Th:PC70BM). The effect is visually perceptible (Fig. 5d) . The stabilization even occurs in the presence of the processing additive diodooctane (DIO), which is essential for achieving optimum morphology in many polymer blends including PTB7 and PTB7-Th but has been shown to induce detrimental radical reactions and thus reduce the stability of these materials. 42, 43 To evaluate whether the reduction of 1 O 2 concentration by Ni(dtc) 2 is due to direct quenching of 1 O 2 or rather due to the quenching of the sensitizing triplet state of the polymer, we probed the excited triplet states of PTB7-Th and PTB7 using steady-state and time-resolved photoinduced absorption spectroscopy. 44 We observe a clear quenching of the triplet state , while the excited singlet state remains unaffected (Fig. 5f) . Furthermore, time-resolved measurements in air (at ambient pressure) reveal that Ni(dtc) 2 (at 10 wt%) outperforms ground state oxygen in the ability to quench the polymer triplet state (Fig. 5g) , also because for these samples the concentration of Ni(dtc) 2 is approximately 20 times larger than the concentration of oxygen. These observations suggest that the key mechanism for inhibiting 1 O 2 formation in semiconducting polymers via Ni(dtc) 2 is the quenching of the 1 O 2 sensitizing triplet states of the polymers, in agreement with the common non-sacrificial mechanism proposed for light protection of organic molecules by nickel chelates. 17, 18 As the polymer triplet state for the PTB7 family is located at B1.1 eV, 16 transfer to ligand states and ligand-to-metal CT states of the complex can be excluded (typically 42 eV
18
). However, the transfer to low-lying triplet ligand field states should be energetically and sterically feasible because Ni complexes are known to quench 1 O 2 at practically diffusion-limited rates. 19, 20 In addition, the polymer triplets lie high enough to sensitize 1 O 2 (B0.98 eV). The fact that the polymer triplets are quenched almost quantitatively, even at temperatures as low as 10 K, suggests that Ni(dtc) 2 is distributed rather homogeneously in the polymer film, i.e., phase segregation into domains of pure polymer and pure quencher is basically absent. At the concentration of 10 wt% used in our experiments, the average distance between two Ni complexes is around 1.5 nm in the case of molecular dispersion of Ni(dtc) 2 in the polymer, which means that basically every polymer chain is in contact with the quencher. This will allow efficient quenching, even if both diffusion of the quencher and diffusion of the polymer triplets are switched off, which is probably the case at T = 10 K. The capability of Ni(dtc) 2 to quench potentially harmful triplet states is also manifested in its higher effectiveness to protect PCPDTBT:PCBM when compared with Si-PCPDTBT: PCBM ( Fig. S4 and S6 , ESI †). It is known that PCPDTBT tends to more effectively form triplet states than the Si-substituted polymer when blended with PCBM. 45 
Nickel(II) dibutyldithiocarbamate enhances the photostability of organic solar cells
The general observation of suppressed photooxidation of p-conjugated semiconductors in the presence of a stabilizing 
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additive without disrupting singlet state luminescence is particularly encouraging for organic electronics applications that are susceptible to light and oxygen but rely on singlet state excitations. This is the case for organic solar cells, where it has been shown that an absorption loss of only a few percent may cause severe losses in electrical performance. 46 Organic solar cells are therefore an important test bed for evaluating the impact of promising stabilizing additives on the opto-electronic performance (rather than purely optical performance) of polymer semiconductors in devices, also with respect to the sensitive morphology. We fabricated organic solar cells with up to 4 wt% of Ni(dtc) 2 integrated into fullerene blends of the polymers PTB7, PTB7-Th and PCPDTBT (cf . Tables S4-S6 and Fig. S30-S41 , ESI †). Fig. 6 shows the photo-physical, structural and stabilization effects of Ni(dtc) 2 in PTB7:PC70BM solar cells. Notably, the topography of the active layer as probed by atomic force microscopy appears unchanged in the presence of Ni(dtc) 2 , suggesting that the surface film morphology remains intact, even at rather large loadings ( Fig. 6e and f and Fig. S35 and S41). Devices containing 2 wt% of Ni(dtc) 2 can perform well above 6% but the photovoltaic performance drops slightly as compared to the reference devices ( Fig. 6a and Table S4 , ESI †), which is predominantly related to a drop in short circuit current. The reduced short circuit current is linked to a reduced exciton generation rate G max as apparent from the saturation current J sat ( J sat = qG max L) (Fig. 6c) . The latter translates into a reduced polaron yield and thus charge carrier formation as revealed by photoinduced absorption spectroscopy measurements (Fig. S36 , ESI †). For higher loadings (4 wt%) an additional drop in FF is observed. We attribute the loss in J sc and FF to the occurrence of trap-assisted recombination in the presence of Ni(dtc) 2 . This conclusion emerges from the slope of open circuit voltage vs. light intensity measurements, which for samples containing 4 wt% of Ni(dtc) 2 increases to 1.3kT/q compared to 1.1kT/q for devices without Ni(dtc) 2 . This interpretation is also consistent with the observation that the saturation current is shifted towards larger effective bias with increasing amount of Ni(dtc) 2 (Fig. 6c) . Particularly, the drop in FF indicates an implication of the antioxidizing additive on the mobility-lifetime mt product of charge carriers, an intrinsic semiconductor property. We thus measured the mobility m of solar cell devices containing increasing amounts of the stabilizer using photo-CELIV (charge extraction by linearly increasing voltage, Fig. 6d ). The peak position of charge extraction does not change with the concentration of Ni(dtc) 2 , suggesting an unchanged carrier mobility (2.3 Â 10 À4 cm 2 V À1 s
À1
) and, in return, a change in charge carrier lifetime. While our measurements suggest that Ni(dtc) 2 may provide traps for charge carriers, we note that these results are important as they sharpen the guidelines towards effective antioxidants for organic semiconductors.
Finally, we probed the protective nature of Ni(dtc) 2 in unencapsulated PTB7:PC70BM solar cells containing 2 wt% of the additive. The devices were continuously light soaked in dry air using a solar simulator. It is apparent that the suppression of photooxidation retards the roll off in short circuit current (Fig. 6g) , which translates into an improved power output throughout the course of the measurement (Fig. 6h) . Similar improvements where observed for other polymer solar cells (Fig. S33 and S36 , ESI †), underscoring the technological relevance of nickel based chelates in increasing the resilience of organic electronic devices towards light and environmental contaminants. 
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Conclusion
In conclusion, we have shown that the nickel based chelate nickel(II) dibutyldithiocarbamate, Ni(dtc) 2 , acts as a potent antioxidizing agent for a wide range of semiconducting polymers, in contrast to other conventional additives from several different classes of stabilizers. In polymers where photo-oxidation is initiated by radical formation, Ni(dtc) 2 stabilizes the polymers by scavenging reactive oxygen species (ROS). In cases where polymer triplets play an important role, e.g. for the sensitization of singlet oxygen, Ni(dtc) 2 has been shown to act as an efficient quencher of these long lived states. Ni(dtc) 2 preserves its protective action even in contact with aqueous solutions, meaning that Ni(dtc) 2 could potentially be employed to stabilize organic semiconductors in applications using aqueous environments like redox-flow batteries.
The challenges for the future design of tailored antioxidants are manifold. While Ni(dtc) 2 appears to not perturb the sensitive morphology of some of the most efficient photovoltaic polymer blends, photovoltaic and charge extraction measurements suggest implications on the recombination behavior at higher loadings, most likely due to trap state formation. We anticipate that metal chelates and similar compounds can be tailored to prevent energetic trapping and further enhance the stabilization efficiency. Specifically, the choice of ligand and metal center as well as stereochemical environment is expected to determine spin-allowed exchange energy transfer (e.g., triplet-triplet energy transfer) and potentially other reactions relevant for suppressing the formation of radicals and reactive oxygen species. The goal is to move towards catalytic antioxidants with high selectivity/ activity/compatibility, thus reducing the amount of material needed and its implications on device performance. We believe that understanding and controlling the electronic interaction of organic polymer semiconductors with light stabilizers could lay the scientific foundation for a new, wide-spanning toolbox for the stabilization of organic electronics applications.
Materials and methods
Materials
All antioxidants can be acquired either from TCI chemicals (antioxidant A5) or Sigma Aldrich (A1, A2, A3, A4, A6). The conjugated polymers used originate from different commercial sources: PTB7-Th and PTB7: 1-Material; PBDTTTzTzT, PCPDTBT, Si-PCPDTBT: Konarka; P3HT: Merck; MDMO-PV: Sigma Aldrich. A ZnO nanoparticle suspension was acquired from Nanograde (Nanograde N-10). Singlet oxygen sensor green was purchased from Thermo Fisher Scientific.
Cyclic voltammetry (CV)
CV measurements were performed in a three-electrode electrochemical cell using a 0.1 M solution of Bu 4 NPF 6 (TBAP) and a 1,2-dichlorobenzene/DMF (3 : 2) solvent mixture as a supporting electrolyte. A platinum wire was used as a counter electrode and a silver wire immersed in 0.01 M solution of AgNO 3 in 0.1 M TBAP (CH 3 CN) as a reference Ag/Ag + electrode (BASInc.). Ferrocene was used as an internal reference. The electrolyte solution was purged with argon before the measurements. The voltammograms were recorded using an ELINS P-30SM instrument at room temperature applying a potential sweep rate of 50 mV s
À1
.
Testing of antioxidants
For probing the impact of antioxidants on the photo-oxidation kinetics of conjugated polymers, polymer:fullerene blends and fullerenes, the stabilizing agents, were dissolved in the same solvent as the ones used for dissolving the organic semiconductors. A typical solvent was chlorobenzene and a typical concentration for the antioxidants was 20-40 mg mL
À1
. Solutions of the organic semiconductors were prepared in line with common practice when employed in thin-film organic electronics devices (see also device fabrication). This includes the use of the processing additive 1,8-diiodooctane in the case of the blends PTB7:PC70BM and PTB7-Th:PC70BM and 1,8-octanedithiol in the case of PCPDTBT:PCBM blend films. Typical concentrations of the polymers used were 10-20 mg mL À1 .
Prior to processing thin films of the organic semiconductor solution, the solution of the antioxidant was added and the combined solution was stirred for an additional 60 min under the same conditions as the reference solution. Films were processed using spin coating inside a glove box filled with nitrogen (O 2 and H 2 O o1 ppm). The concentration of the solutions and spin speed were adjusted to result in films with optical densities (OD) that are commensurate with high performance devices (OD B 0.4-0.8). The films were exposed to solar simulator light of B1000 W m À2 (150R Solarlux Class B, Eye Lighting, see the ESI † for spectrum) in air and probed periodically using UV-Vis spectroscopy (Perkin Elmer Lambda 950).
ESR spectroscopy
Aliquots (200 mL) of solutions of pristine conjugated polymers (10 mg mL À1 ), fullerene derivatives (10 mg mL
À1
) and fullerenepolymer blends (20 mg mL À1 ) with and without antioxidant (15 wt%) in freshly distilled 1,2-dichlorobenzene were introduced into standard 5 mm o.d. NMR tubes (ESR silent within the g = 2.00 region). The solvent was removed under reduced pressure (10 À1 mbar).
Gentle shaking was applied during solvent evaporation to achieve homogeneous coating of the internal walls of the tubes. The resulting films were transferred immediately to a nitrogen glove box and dried under vacuum (10 À6 mbar) overnight to ensure removal of trace amounts of solvent and absorbed reactive species (oxygen, moisture). Aging experiments were performed as described previously. 35 Three 400 W metal halogen lamps were employed as a light source. The power of the light intensity at the sample holder was about 80 mW cm
À2
. The temperature inside the sample chamber was 40-45 1C. The ESR spectra were recorded using a benchtop Adani CMS8400 spectrometer. Integration of the signals observed in the ESR spectra was performed using EPR4K software developed by the National Institute of Enviromental Health Science (NIEHS).
Singlet oxygen detection
As a probe for singlet oxygen detection, we used singlet oxygen sensor green (SOSG). We adapted a method previously described 
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by Soon et al. 16 and Manceau et al. 33 A 100 mg vial of the as received SOSG was dissolved in 33 mL of methanol. 1 mL of the stock solution was then added to 10 mL of deionized water. Next, a polymer or polymer blend film spun on PET foil and saturated with ambient air was placed in a quartz cuvette (Fig. 5) . The cuvette was subsequently filled with an aqueous solution of SOSG.
To induce photo-oxidation, the cuvette was placed under a solar simulator (B1000 W cm
À2
), during which the solution was continuously stirred. The reaction of 1 O 2 with SOSG leads to enhanced fluorescence of SOSG due to the suppression of an open channel for photoinduced electron transfer. 47 A 570 nm cut off filter was placed on top of the cuvettes to inhibit singlet oxygen formation via self-sensitization of SOSG. For correlating singlet oxygen formation and photo-oxidation, we measured in parallel photoluminescence (Jasco, FP-8500, 485 nm excitation) and UV-Vis (Perkin Elmer Lambda 950) spectra through the cuvettes as a function of time. Films with and without the antioxidant Ni(dtc) 2 were irradiated and measured side by side. Direct spectroscopic detection of singlet oxygen via steadystate photoluminescence was enabled using the fluorescence spectrometer Fluotime300 from Picoquant GmbH, equipped with a 40 MHz pulsed 405 nm laser diode. The films were saturated using pure oxygen and probed in ambient atmosphere.
Characterization of thin films
Steady-state photoinduced absorption spectroscopy (PIA) was measured using an in-house designed and assembled apparatus. The sample is irradiated with a 160 Hz pump beam (530 nm laser diode, B60 mW) and probed with a Xe lamp. A monochromator behind the sample equipped with a silicon and InGaAs detector allows a large spectral detection range. The change in transmission (DT) of the sample is detected through a lock-in amplifier, enabling the recording of both ''in-phase'' (X-channel) and ''out-of-phase'' (Y-channel) components. The films on glass were probed inside a cryostat at 10 K and a pressure of B10 À6 mbar.
Transient absorption spectroscopy in the femto/picosecond and nano/microsecond domain was performed in an integrated home-built setup, using the same femtosecond Vis/NIR probe pulses (150 fs, 1 kHz) across all time ranges, combined with pump pulses at 532 nm wavelength, either from a regenerative amplifier/NOPA combination (Horiba Clark 2101, 150 fs) or from a passively mode-locked NdYAG (300 ps). A detailed description of the experiment and analysis can be found in the ESI. † Intermittent contact atomic force microscopy (AFM) was performed in air for probing film topography and phase signal using a Solver Nano from NT-MDT. Gold-coated silicon cantilevers with a resonance frequency of B300 kHz (NSG30, NT-MDT) were employed as AFM probes.
Fabrication of solar cells
Pre-patterned indium tin oxide (ITO) coated glass substrates were cleaned in an ultrasonic bath using acetone and isopropyl alcohol successively. The dried substrates were then overcoated with 40 nm of zinc oxide (ZnO) using doctor blading in air. The ZnO coated substrates were annealed at 80 1C for 5 min in air.
Polymer-fullerene blend solutions were then spin coated on top of ZnO at a typical speed of 1000 RPM. The processed active layers consisted of the blends PTB7 : PC70BM (1 : 2, 30 mg mL ), all dissolved in chlorobenzene and stirred overnight at 80 1C. The processing additive 1,8-diiodooctane was used in the case of PTB7 and PTB7-Th based devices while 1,8-octanedithiol was used in the case of PCPDTBT based devices (3 vol% in all cases). All devices were completed by successively thermally evaporating MoOx (10 nm) and silver (100 nm) at a base pressure of B1 Â 10 À6 mbar.
Characterization of solar cells
The current-voltage (I-V) characteristics of the solar cells were measured in ambient air using a Keysight B2901A sourcemeasure unit and 100 mW cm À2 simulated AM 1.5G light (Oriel Sol 1A, Newport). For light intensity dependent I-V measurements, we employed a series of neutral color density (ND) filters. The light intensity of the simulated sunlight in the presence of the ND filters was measured using an optical power meter. Photoinduced charge carrier extraction by linearly increasing voltage (photo-CELIV) probes the charge transport kinetics (predominantly of the fastest carrier) in organic solar cells, e.g., the charge carrier mobility (m). The devices were illuminated with a pulsed 405 nm laser-diode. Current transients were recorded across an internal 50 O resistor of an oscilloscope (Agilent Technologies DSO-X 2024A). A fast electrical switch is employed to isolate the device and prevent charge extraction or sweep out during the laser pulse and the delay time. After a variable delay time, a linear extraction ramp is applied via a function generator. The ramp, which was 60 ms long and 2 V in amplitude, was set to start with an offset matching the V oc of the solar cell for each delay time.
Photo-oxidation of solar cells was tracked by periodically measuring the I-V characteristics under solar simulator light (150R Solarlux Class B, Eye Lighting) using a Keysight B2901A source-measure unit coupled to an in-house designed multiplexer unit that is controlled via LabView software. The devices were kept under static pressure of dry (synthetic) air. The temperature of the devices was maintained at B30 1C. View Article Online
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